Abstract-This paper puts forward a concept for measuring rotor eccentricity in an wound rotor induction machines. The analysis is fully developed in the theory section then an experimental rig is described and measurements taken. These are compared to the calculated values. Using pole-specific search windings are necessary in a wound rotor machine because standard sideband current measurement techniques are only valid for cage induction machines. The search coils can also be used to suppress unbalanced magnetic pull if they have sufficient amp-turns and an analysis method is put forward.
I. INTRODUCTION
When the rotor in an electrical machine is not centered in the stator bore it is generally called rotor eccentricity and can cause radial forces, vibration and bearing wear. It has recently been extensively studied in permanent magnet machines [1] [2] and condition monitoring methods are also used to monitor for developing faults such as rotor eccentricity [3] - [5] . The normal method is to assume the rotor is off-center by a constant amount down the axial length of the machine although [6] investigated more realistic scenario where the eccentricity varies down the axial length of the machine When the rotor is not centered in an induction motor the unbalanced magnetic pull (UMP) can vary substantially with voltage and load [6] and this can be difficult to assess. In this paper a wound rotor machine is investigated; the UMP in these machines can vary greatly from its cage-rotor equivalent [7] and it is substantially higher. Fig. 1 illustrates this with a breakdown of the airgap MMF and flux waves in terms of a 4 pole machine and this figure shows the interaction of these. The main difference is the lack of 2 pole and 6 pole MMF waves on the rotor that can damp the additional flux waves generated by the rotor eccentricity, hence reducing the UMP. The use of additional damper windings has been investigated [7] - [10] and a similar theme is investigated here. However, this is combined with using pole specific search coils to assess the degree of eccentricity. Eccentricity has been defined as either static (rotor offset from the stator bore but rotating on its axis) or dynamic eccentricity (rotor rotating on the stator bore axis but not on its own axis). These can obviously exist together. If there are rotor vibrations the rotating eccentricity need not be synchronous [11] .
In this paper a mathematical analysis is put forward in terms of static rotor eccentricity which varies down the axial length of the machine. If a machine with p m pole-pairs has search windings with p m ± 1 pole pairs then the analysis goes on to illustrate how the EMFs induced into these coils can be calculated. The paper then gives some experimental results using a 4 pole wound rotor induction machine rig designed for measuring UMP. This is not straightforward to measure although [12] shows a method. The machine is modified with additional 2 pole and 6 pole windings. Some search winding voltages are given. In this paper the analysis will be fully described and explored with further experimental validation. Pole-specific detection windings were outlined in [13] . This concept is developed further here.
A. Condition monitoring techniques review
Condition monitoring of induction motors has been a challenging task for the engineers and researchers although there are now several commercial systems available to industry; they are mostly aimed at the monitoring of cage induction motors. The aim is to achieve a relatively low cost and/or non-invasive system which is still powerful in terms of monitoring for online detection of developing faults. Many plants are high cost capital investment or high turn-over production so that it is very advantageous to invest in a monitoring system. With a condition monitoring system, a fault can be detected at an early stage. Maintenance can then be carried out at planned downtime at an early stage, protecting the machine or plant from catastrophic failures and reducing the cost of maintenance. There are many diagnostic methods of detecting faults in induction machines, depending on the method of monitoring.
One of the most popular methods for fault diagnosis is motor current signature analysis (MCSA) as it is more practical and less costly. The motor fault diagnosis can be done in real-time by analyzing frequency components of stator current signals. This was discussed in [14] [15] and these systems allow precise and low-cost motor fault detection and they are noninvasive. However, the methods developed are couched in terms of cage induction machines which may not be applicable to wound rotor machines as studied here.
Acoustic noise generated by air gap eccentricity in induction motors can be used for fault detection. Noise monitoring is carried out by measuring and analyzing the acoustic noise spectrum. In [16] , Ellison and Yang carried out tests in an anechoic chamber. It was found that slot harmonics in the acoustic noise spectra from an induction motor were functions of static eccentricity.
Extensive work has been done on the detection of motor faults by monitoring vibration. Cameron, Thomson and Dow [17] verified that air gap eccentricity resulted in vibratory harmonics at frequencies of (f m , f m2 , f m3 , or f m4 ). However this method requires expensive sensors or specialized tools fitted to specific location on the machine which weakens this technique; line current monitoring only requires Rogowski coils fitted to supply lines at the terminal box. Beguenane and Benbouzid [18] carried out thermal monitoring technique for induction motor using rotor resistance measurement. Another system was described in [19] . Many methods were reviewed in [20] and [21] .
A flux monitoring scheme can give reliable and accurate information about electrical machine conditions one such system was described in [22] . If there is change in the air gap flux or winding voltage, this can indicate a developing fault and it can be reflected in the harmonic spectrum. Verma and Natarajan [23] reported the change of air gap flux density as a function of static eccentricity. Thomson, Rankin, and Dorrell [24] [25] analyzed the respective relationships among air gap flux, stator current, vibration signal, and air gap eccentricity by strict analytical equations. Reference [26] presented a method for condition monitoring of electrical drives using special flux sensors. Rotor bar faults as well as eccentricity were determined based on leakage flux measurement [27] , which is obtained by means of a search coil placed at the rear end of the machine. The Leakage flux measurement is low cost, is less affected by other magnetic circuits in the industrial environment, and is easy of implement. In [28] designed a search coils which is placed under the stator winding wedges of the motor, and they were used for measuring the actual magnetic flux.
B. Presented work
To summarize, this paper brings together work in [7] , which put forward the concept of using damper windings to suppress UMP, and in [12] , which presented an experimental study on a constructed rig, that can be used to measure UMP. The work develops the idea of using pole-specific windings in order to detect rotor eccentricity. Initial results are put forward in [29] . Here, an impedance matrix is developed to predict the winding voltages as a function of eccentricity. This is similar to that developed in [30] ; however, it is couched in terms of a wound rotor induction motor rather than a cage machine.
II. ANALYSIS
The aim of the paper is to investigate the effectiveness of detecting rotor eccentricity using pole-specific windings. First, the airgap length needs to be described is terms of the circumferential distance around the airgap (y direction) and axial length down the stator bore (x direction). This is shown in Fig. 2 and described below. With this model the induced EMF in pole-specific search coils needs to be calculated. To simplify the approach, only static eccentricity is studied here. 
This needs to be inverted to obtain the permeance waves for the air-gap length: 
This assumes that the eccentricity is not high so that the average permeance is the inverse of the air gap length. The coefficients can be defined by
This assumes that x is defined as zero at the center of the bore in the axial direction and the DE eccentricity decreases down to zero when moving from the DE to the NDE. Conversely the NDE eccentricity decreases from the NDE to the DE. This is illustrated in Fig. 2 . L st is the axial length. 
B. Generation of Additional Airgap Flux Waves
If the 3-phase supply is balanced with series connected stator windings, the MMF wave is 
where, for a balance 3-phase current set, and using the identity a = exp(j2π/3), the MMF magnitude is ( )
and the fundamental pole-pair number of the machine is p m . This includes winding harmonics n. I s is the phase current phasor for phase a. This is a correction to the equation as denoted in [6] and [7] . The stator winding coefficient of one phase winding is 
where N w is the number of slots that the winding is located in, C w is the number of series winding turns in a slot, and y w is the spatial location of the slot. The slot opening factor is defined by the slot opening b s (in m) so that
Ampere's circuital law can be applied using the equation
,
The constant C is the homopolar flux term control as described in [30] and [31] . This is particularly relevant to a 2 pole machine where p m -1 = 0.
This expression leads to a distribution for the air-gap flux density due the stator MMF waves: 
C. Eccentricity detection
Once the terms for the additional airgap flux waves have been obtained then the UMP can be calculated as illustrated in [6] . However, to get the EMF induced into the pole-specific search coils then we need the airgap electric field which can be obtained from:
where
For a machine with p m pole-pairs then it can be assumed that is there are two pole-specific search windings with polepair numbers p m ± 1. Each pole-pair number has two winding in quadrature on and axes. The EMFs induced into these windings can be obtained from: 
where the search winding coefficients are, for the p m +1 polepairs: 
For p m -1: For simplicity it is assumed that the winding is on the real axis and the winding is on the imaginary axis. Phase a of the main winding is also located on the real axis. This is the expression for the voltage induced into the search coil by a rotating flux wave set up by a balanced 3-phase current set in a 3 phase main winding. If the current set is unbalanced then a backwards rotating flux wave will be set up and this can be accounted for and will be the focus of further work.
If the winding harmonics are ignored so n = 1 only then the airgap flux is approximately 
( , , ) Obviously as the machine is loaded this approximation becomes less valid but it can be used to calculate the search winding voltages. The other flux waves due to higher winding harmonics can treated as leakage flux.
D. Impedance matrix
An impedance matric can be developed that incorporates eccentricity and also the pole-specific search windings. As developed in [30] and [31] it is possible to develop a coupling impedance matrix.
1) Condition monitoring
If we focus on the condition monitoring function of the search coils then: This is the most basic form of this impedance matrix. The leakage reactance includes all the end effects, slot leakage and winding harmonics. It can be further developed to include unbalanced currents as included in [30] .
2) UMP control
The matrix can be further developed it include additional winding current and active UMP control. If passive damping is used, i.e., the windings are shorted, then , , 
and similar linkage impedances exist for p m +1. We can obtain the UMP as given in [7] where 
It should be stated that the winding necessary to produce additional unbalanced magnetic pull has to have many more turns and carry higher loading in order to be effective. This was tested using the search coils described below where the change in UMP was low when the search windings were excited with a 0.5 A current which is about the correct rating of the wire used.
Equation matrices (23) and (24) can be combined and active voltage control used for UMP reduction where:
, , 
This can be programmed and will be the focus of further study. 
III. EXPERIMENTAL RIG AND RESULTS

A. Experimental rig
A 4 pole wound rotor induction machine was modified as shown in Fig. 3 . Data for this machine is given in Table I and some data was obtained from simulating the machine in SPEED software [32] . The rotor for this machine was separately mounted on pedestals that included piezo-electric force transducers; these allowed the direct measurement of the UMP on each bearing. However, the machine was modified to include the pole-specific search windings as illustrated in Fig.  3(a) . These had 6 poles and 2 poles. Fig. 3(b) shows the mounting of the rotor with the transducers as well as the rotor slip-rings. Fig. 3(c) shows the clock dials that were used to measure the eccentricity measurement. pole search windings. Clock guages (c) were used to measure the eccentricity which was set by moving the stator with respect to the rotor.
B. Search coils
The main winding was originally held in by slot top wedges. These were remove and the space used to insert search windings. The 6-pole search winding consisted of 12 coils with two turns per coil. The span of each coil is 8 slots and half of the slots had a 6-pole coils side in the slot top ( Fig. 3(a) ). There were two 2-pole windings in quadrature. These were formed from 12 coils of one turn and a 24 slot pitch. Each slot had a 2-pole slot side in it. Thinner wedges were made and used to hold the search windings in as illustrated in Fig 3(a) .
C. Results
The first set of tests simply had one 6-pole search winding inserted. The results in Fig. 4(a) show an almost linear characteristic. The open-circuit (running light) and short circuit (locked rotor) results are different. The degree of eccentricity is not precise and there is a degree of eccentricity variation down the axial length of the machine. The machine was then dismantled and two 2-pole search windings inserted on quadrature axes ( and ). The eccentricity was less in these tests but again there is a linear characteristic. The short circuit tests were done at 50 V and if linearity is assumed then these results should be four time less. However, an induction machine demagnetizes as it is loaded hence the results are even less. In Fig. 4(b) the 2 pole and 6 pole search winding voltages are given for open circuit operation and these again show approximate linearity. These were initial results and the method of physically measuring the degree of eccentricity is still being developed. Fig. 3(c) shows the simple use of clock gauges. To test the theory developed above then the induced voltages in the winding were calculated for a given phase current and eccentricity. These equations were programmed in MATLAB:
( ) 
It can be seen in Fig. 4(b) the results match the measured reasonably well given the approximate nature of the eccentricity measurement.
The search windings, if they are suitably robust with sufficient turns and conductor current carrying capacity, can be used to control the UMP. This can be used to reduce bearing wear as described in [7] . As mentioned above the search coils used here were excited; however, this was not successful because the MMF is too low to make UMP attenuation effective.
IV. CONCLUSIONS
This paper has developed the theory for calculating the EMFs induced into pole-specific search coils in a 4-pole wound rotor induction machine. A rig was constructed that can measure the search coil voltages and set the rotor in a noncentered manner. A 4-pole wound rotor induction motor was adapted to include pole-specific windings with 2 and 6 poles and it was illustrated that monitoring the voltage in these can be used to assess the rotor eccentricity. However, with the use of running light (open circuit) and locked rotor tests show that the search coil voltages are very much a function of loading. In addition these windings can be used to inject current to adjust and damp the UMP.
The paper also developed impedance matrices for both condition monitoring and UMP calculation and further work will be to program these and compare to experimental measurement.
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